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EXPERIMENTAL EVALUATION OF LOW-BAND-PASS IANDING-GEAR
SHOCK ABSORBER FOR PULSE LOADINGS

By Emanuel Schnitzer
SUMMARY

An experimental investigation was conducted to determine the prac-
ticality of constructing a low-band-pass landing-gesr shock absorber
and to evaluate its effectiveness in reducing rapidly applied loads.

The band-pass principle was first introduced in NACA Technical Note 3803
from a theoretical point of view. For the experimental investigation
presented herein, a low-band-pass shock strut was designed, constructed,
and tested in conjunction with a high-pressure tire which was used in
order to develop and transmit steep pulses. Taxiing runs were made

over individual bumps to determine the strut pulse rate response and
over consecutive closely spaced bumps to determine strut recycling
characteristics. Duplicate tests were made with a comparable shock
absorber having a fixed main orifice area. Design details are pre-
sented for the shock struts tested and also for a proposed band-pass
vibration absorber. The loeds for the low-band-pass strut for single
rapidly applied pulses were 50 percent of the loeds for the fixed-orifice
strut whereas for cyclic loading the low-~band-pass loads were less than
25 percent of the fixed-orifice strut loasds. Smaller reductions were
achieved for rapidly aspplied pulses superposed on slowly applied pulses.
There was no attempt in this investigation to develop an optimum control
unit to minimize loads for both single and multiple superposed pulses
over the entire spectrum of load application rates. The load reductions

achieved, however, were accomplished by the addition of =a 1%-pound con-
trol unit to the shoek strut of a 5,000-pound airplane.

INTRODUCTION

This paper deals with the experimentsl evalustion of the band-pass
principle as applied to a landing-gear oleo-pneumstic shock absorber
hereinafter termed "shock strut." The aspplication of this principle
was originally considered from & theoretical point of view in refer-
ence 1 as a means of overcoming some of the limitations of conventionsl
shock absorbers. For example, in the case of aircraft operation on a
land or water runway of a given roughness, as the aircraft speed Increases,
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the rate of rise of the tire bottom over the bump increases with a
corresponding increasse of the load application rate. Since the force
transmitted by a conventional landing-gear shock strut increases roughly

as the square of the telescoping velocity, these struts tend to become

very rigid; thus, severe shock loads are developed and transmitted to the
aircraft for high rates of change of loading. The low-band-pass shock
absorber considered herein was designed to overcome this limitation and
still retain the charscteristlcs of a conventlonal shock strut for low
rates of load spplication such as the landing impact and taxiing over

long hills or swells. This is accomplished in the following manner.

First, the low-band-pass shock strut is rate sensitive and develops e pulse
response function, with force attenuation occurring at the high rate end of
the pulse spectrum. This strut also has the characteristic of being pulse-
length sensitive; this property in combination with the rate sensitivity
makes 1t have a frequency response type of characteristic since both

the rate of rise and the duratlon of any given cycle in a vibration

are necessary to define the frequency. The pulse-rate response of the
band-paess strut alleviates rapidly applied loads whereas the pulse-
duration response prevents this strut from excessive telescoping

during the spplication of sustalned rapidly applied pulses or during
discontinuous velocity changes assoclated with passing from one steady
slope to another.

Although band-pass shock absorbers can be made sensitive to rate
and duration or frequency, depending on the application, it was decided
that the theory could be checked by testing either type. Therefore,
the former was chosen in the form of a landlng-gear shock strut. Because
very rapid action of mechanical parts is required in order for a low-
pass landing-gesr shock strut to attenuate rapidly applied pulse loads,
some questions naturally arose as to whether such a device was practica-
ble. In order to answer these questions and to obtain an idea of the
problems involved in making such a device functional, a low-band-pass
control unit was designed, constructed, and installed ln a conventionsl
ghock strut. This modified strut has been tested in combination with
a highepressure tire by running it over bumps on the runway of the
langley impact basin. Similar tests were made with an equivalent fixed-
orifice shock strut for comparative purposes. This paper presents the
results of these experiments which were aimed at determining whether
the band-pass principle could be successfully applied to a practical
mechanical pProblem.

DESCRIPTION OF APPARATUS

The general plan followed in order to evaluete the merits of a
low-band-pass shock absorber as a load-controlling device involved the
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conversion into a band-pass absorber of a fixed-orifice landing-gear

shock strut obtained from a propeller-driven military trainer of the
5,000-pound class. The behavior of this band-pass strut was then compared
with a more or less conventional arrangement of this same strut having

a fixed orifice ares during a series of taxiing and landing tests over
specific bumps. The overell test setup is described first, after which
attention is focused on the design and operating principles of the band-
pass shock strut, and then a brief description of the measuring instru-
mentation 1s given.

Test Setup

A photogreph of the test setup showing the landing gear in the
process of taxiing over a bump on the runway is presented as figure 1.
This ramp-shaped bump, which 1s 1 foot high and 10 feet long, was used
to duplicate the effects of the design landing without the complications
of spin-up drag loads by merely taxiing the gear over it. The wheel and
tire are from a 25,000-pound fighter airplene and the shock strut and
fork are from g 5,000-pound trainer sirplane. The landing~gesr fitting
is fastened to the carriage boom above it. The strut was rigidly mounted
in this fitting and was adjusted for each pitch angle by inserting links
of different lengths between the boom and fitting at the rear of the
fitting. The front of the fitting was pivoted from the boom on both
sides to give a three-point suspension. The carriage boom was free to
rise and fall vertically as the carrisge traveled forward on parallel
rails over the runwsy. The entire upper mass weighed 2,250 pounds,
whereas the effective weight assoclated with the entire lower mass was
about 110 pounds. The tire was & type VII high-pressure tire with dimen-
sions of 26 inches by 6.6 inches and was inflated to pressures from
TS5 pounds per square Ilnch (soft condition) to 300 pounds per square inch
(hard condition) during the tests. This hard tire condition was used in
order to produce rapid load applicetions to the strut during the negotia-
tion of short steep bumps. This high-pressure tire is not matched to the
light strut, and it would have been desirsble to utilize a complete stiff
fighter landing gear because of the high natural ground frequency of the
wheel and tire in the verticel direction; however, the impact basin car-
riage could not handle the loads transmitted by such a gear. The ground
resonance frequency of the fighter wheel and tire was of the order of
60 cycles per second with the tire fully inflated. This stiffness caused
the application of rapid transient loadings to the trainer strut in the
same manner as if the fighter shock strut had been used. Although the
loads were limited to lower values, the results have significance in that
the important criterion satisfied was that the rates of spplication of
loads were not limited to those of the flexible geer. With this combina-
tion, therefore, it was possible to investigate band-pass-strut behavior
qualitatively and to determine whether the strut response :is fast enough
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to be used with a high-speed fighter slirplane with small hard tires.

The trainer~airplane fork used in these tests was not as stiff as

might have been desired since, under the application of the structural
design load of 12,500 pounds, it allowed the wheel to deflect upward
relative to the strut about 5/8 inch. The natural frequencies in the
axial direction of the combination of the carriage boom and the landing-
gear attachment fltting were roughly 100 cycles per second and 300 cycles
per second. With the exception of the 1= by 12-inch and 2- by 12-inch
rectangular plank bumps used in the landing-impact tests, the bumps
utilized in the taxiing tests were shaped similar to the ramp shown in
figure 1. Their heights and the lengths to the point of maximum height
were as follows: 1 inch by 10 inches, 4 inches by 20 inches, 3 inches
by 12 inches, and 4 inches by 10 inches. All were of solid wood con-
struction with the exception of the 4- by 10-inch bump which was covered
with a l/h-inch metal plate, and all the bumps were about 2 feet wide.
The instrumentation shown in figure 1 willl be described subsequently.

Shock-Strut Design

Generael Construction.- The general construction of the band-pass
shock strut is shown in figure 2(a) with the control unit in position.
In order to convert the trainer shock strut to the band-pass configura-
tion, it was necessary to umscrew the piston, drop out the original
orifice plate and snubber, insert the band-pass control unit in place,
and replace the plston. It was also necessary to remove the metering
pin which was screwed into the base of the strut. The strut shown in
the figure was filled with hydraulic fluid.(type MIL-0-5606, AM.2) while
in the completely compressed position after.which it was extended fully
and pressurized with air through the top. Although "O" ring seals have
been substituted for the original chevron seal in figure 2(a), both
types were used in the tests. In fact, in order to prevent the shock
strut from failing because of rapid reexten51on with subsequent bot-
toming after the wheel rode off the far edge of a bump, the chevrons
were used in many tests and were tightened. to an excessive compression
by screwing the bearing nut down hard in order to increase strut friction
and to reduce the reextension rate. When the "O" ring seal was used, a
rubber buffer (which is not shown) was installed between the "O" ring
cage and the bearing immediately below it }n order to réduce the forces
arising from metal-to-metal impact at full reextemnslon. TFor a more
camplete description of the origlnal trainer shock strut arrsnged as &
fixed-orifice strut, see reference 2. o .

Control-unit design.- An exterior view of the instrumented control
unit is shown in figure 2(b) and the interior is illustrated in fig-
fure 3. Figure 3(a) shows a cross section of the assembly and figure 3(b)
shows & photograph of the internal parts. The alinement vanes shown
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along the sides of the control umit in figures 2(b) and 3(a) center this
unit in the pilston-supporting tube of the shock strut. The many holes
viseible in the sides of the control unit in figure 2(b) are for the pur-
pose of transferring fluid rapldly from the outside to the inside of the
unit in the neighborhood of the main spring. The small tube rising from
the top of the unit contains & sealed cable for carrylng the signals
supplied by the instrumentation to the outside of the shock strut. The
two displacement pickups shown in figure 2(b) are described subsequently.

The three principasl functions of this control unit are to provide
the shock gbsorber with the following:

(1) A varisble main orifice size which 1s controlled by the rate of
application and the duration of strut loading

(2) A strut dump valve, which in this case was combined with the
main orifice valve, for allowing fluld to return rapidly from the upper
strut cylinder to the lower cylinder to facllitete rapid recycling of
the strut under repeated load conditions

(3) A frequenoy-discriminating snubber valve which snubs low-
frequency rebounds such as for normal lendings but does not snub shock-
strut reextensions for high-frequency pulses; thus, a large pert of
shock-strut stroke is retained for each new bump encountered.

These three functions will be described in the following section with the
aid of figures 3 and 4 beginning with the rate-sensitive variable
orifice.

The most elementary type of variable-orifice valve which might be
considered for the lnstantaneous relief of loads 1s the one shown 1n
figure 4(a) which is simply an ordinary pressure-actuasted relief valve.
For this valve, as thalstrut telescopes, pressurized fluid in the lower
hydraulic cylinder drives the plunger upward, opens the orifice wider,
and thereby reduces the load. The disadventage of this valve is that
it cannot discriminate between dlfferent loasding rates and dumps the
load, even for low rates of load application such as those for the
landing impact for which the sircraft vertical momentum would not be
dissipated as desired.

In figure 4(b) is shown a simplified sketch of a rate-actuated
valve, such as was incorporated in the low-pass strut tested. In this
device, the plunger position is primarily controlled by the rate of
change of pressure in the lower cylinder rather then directly by the
magnitude of this pressure. Its action is as follows: For low rates
of loading, as the pressure slowly increases in the lower cylinder,
fluid is forced up through the main orifice, and also through the
restricted tube, into the control cylinder. Since the rate of change
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of pressure is small, fluld can pass through the restricted tube fast
encugh to £1i11 the control cylinder, force the control plston down against
the spring, and thus maintein the plunger balanced in its equilibrium '
position as shown. For this case, the strut behaves as a conventional
fixed-orifice shock strut.

For high-frequency loads involving repid rates of change of pres-
sure, the fluld cannct flow through the restricted tube fast ‘enough o
move the control plston very far. As s result, the control piston remains
substantislly fixed, and the plunger is driven upward against the spring,
opens the orifice, and reduces the load in much the same way as for the
ordinary relief valve in figure 4(a). The plunger, mein spring, control
piston, and restricting tube shown in figure 4(b) may elsc be noted in
figure 3.

The second function of the control unit is accomplished by the dump
valve system which permits the repid recyecling of the strut between
repeated load cycles. When the strut in figure 2(a) telescopes together
during the application of a load pulse, the pressure in the lower main
cylinder is greater than that in the upper ¢ylinder or air chamber until
the strut sterts to reextend. From this point on, the pressure in the
upper cylinder becomes grester than the pressure in the lower cylinder.
When this condition occurs filuid is forced downward (see fig. 3) past
the snubber disk, which is assumed t0 be 1n the up position, and then
continues downward through the snmilar orifice formed by the plunger
and the main orifice plate. Part of this fluid alsoc passed inward
around the msin spring through the perforations 1in the control-unit cage,
where it exerts a downward force on the plunger and an upward force on
the control piston. 1In figure 3(a) it is seen that there are two openings
to the control cylinder, one communicating to the lower main cylinder
through the restricting tube and the other opening into the upper main
cylinder through the top of the control cylinder. These orifices are
s0 proportioned that the pressure in the control cylinder is adjusted
by them to a value somewhere between the lower main cylinder pressure
and the upper main cylinder pressure while the strut is telescoping
closed. For this same condlition the ratio of the control pilston area
to the plunger effective area 1s in turn adjusted so that, during the
existence of a slowly applied pulse, the upward force on the plunger
resulting from the lower cylinder pressure is slightly more than balanced
by the downward force on the control piston resuliing from the control-
cylinder pressure communicated through the main spring.

During the reextension stroke of the shock strut when the lower
maein cylinder pressure is low, the high pressure in the upper cylinder
exerts a net upward force on the plunger piston system, since the con-
trol-piston sree is considerably larger then the plunger effective
area. Therefore, the plunger is withdrawn from the main orifice during
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strut reextension; this metion allows fiuid to flow rapidly downward
from the upper to the lower main cylinder (assuming the snubber disk
is in the up position); and the strut is thus allowed to reextend
rapidly in readiness for the next compressive load pulse.

The third function of the control unit involves the operation of
the frequency-discriminating snubber valve. The snubber valve in the
proposed deslign was made a part of the control unit for easy shock-strut
modification although 1t could have been located elsewhere in the strut
as is often dome 1in shock-zbsorber design. This particular snubbing
system, shown in figure 3, consists of an annuler sanubber disk or valve
connected by means of & spider to the snubber leg piston which is &
close sliding fit in the annular cylinder formed between the upper sec-
tion of the main orifice plate and the control-unit support cylinder.
This snubber operstes in the following manner. -

When a loading pulse causeg a pressure increase in the lower main
strut cylinder, fluid flow upward through the annular main orifice
impinges on the snubber disk, which in thls case was made of lightweight
aluminum, and immediately drives 1t upward.ageinst its seat at the base
of the control-unit cage. Since the disk is connected to the snubber
lag piston by means of the spider, the disk, splder, and piston are
carried upward as a unlt until the snubber 1s completely withdrewn from
its annuler cylinder. Thus a gap is opened at the top of this annular
cylinder through which fluld enters and repidly fills it. When the strut
begins to reextend, the fluid in the upper cylinder is forced downward
through the mein orifice and drlves the snubber disk back down to its
closed position against the main orifice plate. The disk carries with
it the snubber lag piston which 1s forced down into its cylinder and
compresses the entrapped fluid which escapes primarily through the one
or more snubber lag orifices shown in the main orifice plale. Since
there 1s a certain time constant connected with emptying this cylinder,
the strut 1s allowed to reextend rapidly during thls short time after
which the snubber closes and greatly reduces the amount of fluid returning
to the lower main cylinder through the very small clearance annulus
between the snubber disk and the plunger. Thus the rebound of the strut
1s effectively snubbed for the rémainder of the extension stroke.

Thus, for high-frequency repeated impulses usually involving small
strut dilsplacements of, for example, an inch or so, the sirut is unsnub-
bed on reextension so that the strut stroke lost during each compression
1s largely regeined during each reextension. However, for pulses
having low rates of application like the landing impact or during taxiing
over long gently sloped bumps, both of which involve large strut dis-
placements, most of the rebound stroke is effectively snubbed, the result
being that the aircraft is not bounced off the runway by the potential
energy stored 1in the air spring of the upper main cylinder.
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In order to convert the band-pass shock strut to the identilcally
comparable fixed-orifice strut, it was only necessary to lock the plunger
down in its equilibrium position in which it appears in figure 2(a).

This wes done by inserting a rigid hollow cylinder inside the control
cylinder extending from the top of this cylinder down to the control pls-
ton, and replacing the main spring by another rigid hollow cylinder which
was as long as the uncompressed spring. Because of difficulties experi-
enced with the snubber, such as sticking (due 10 imperfect machining of the
assembly-line shock strut used in the tests and/or possibly from an
inadequate length-to-dismeter ratio of the snubber) and short clrcuiting
of the snubber position switch (not described), this investigation was
conducted with the frequency-discriminating snubber removed from the

strut.

As a matter of information, the following control-unit specifica-
tions are pertinent. The effective flow area of the msin orifice (plunger
seated) was sbout 0.08 square inch. The control piston had a net cross
sectional ares of 0.65 square inch with effective orifice areas of
0.03 square inch for up flow and 0.04 square inch for down flow (to per-
mit more repid dumping of the control cylimder). The control~cylinder
orifice had an effective area of 0.02L squgre inch. The plunger pet
cross-sectional area was 0.47 square inch. The main spring had a spring
constant of about 1,150 pounds per inch with a full travel of 0.6 inch.

Instrumentation

Mogt of the externsl landing-gear instrumentation used in these
tests is visible in figure 1. Since the landing-gear structure was very
flexible, linear accelerometers were placed on the gear to measure the
axial (approximately vertical) accelerations as follows. One of these
accelerometers which measured the acceleration of the assoclated wheel
mase was placed inside the axle on the center line of the wheel. This
instrument had a natural frequency of 240 cycles per second and a range
of 100g. Two accelerometers are placed at the base of the shock strut
to measure the acceleration of the assocliated lower cylinder mass. One
had a natural frequency of 250 cycles per second and a range of 25g,
whereas the other hed a natural frequency of 500 cycles per second and
a range of 100g. These two instruments were intended to check each other
for frequency response and structural oscillastion errors. Two accelerom-
eters, not visible, were also located on the top of the landing-gear
sttachment fitting adjacent to the strut. These had natural frequencies
and ranges, respectively, of 85 cycles per second and 12g and LOO cycles
per second and 50g. An additional palr of matched accelerometers were
located at the base of the boom itself and were called boom accelerom-
eters with natural frequencies and ranges of 85 cycles per second and
12g. )
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A slide wire (fig. 1) was used to measure the strut telescoping
displacement and was actuated by the rod connected at the top of the
fork. This rod was also cut as a gear rack to drive the telescoping
velocity generator shown attached to the base of the slide wire. This
slide wire was believed to have a flat response for freguencies up to
60 cycles per second. The telescoping velocity generator was estimated
to have a flat response for frequencies up to 500 cycles per second.

The pressure gage ubtilized to measure the air pressure in the upper
cylinder is visible near the top of figure 1 and 1s also shown in fig-
ure 2(a). This gage had a range of 1,500 pounds per square inch and
was belleved to give flat response to & frequency of 500 cycles per second.
The pressure gage mounted at the base of the lower cylinder 1s not vis-
ible in figure 1 but can be seen in figure 2(a). Thls pressure gage
had a range of 3,000 pounds per square inch and was believed to give flat
response to a frequency of 1,300 c;":les per second. Other external instru-
ments, not shown, were as follows: & boom-slide wire which measured the
vertical displacement of the carriege hoom and was believed to provide a
flat response up to a frequency of at least 100 cycles per second, &a
velocity generator to measure the boom vertlical veloecity which was believed
to be flat to a frequency of 500 cycles per second, a photoelectriec cell
which viewed tabs placed at & l-foot interval along the track to pro-
vide a measure of the horizontal displacement of the main carrisge. This
displacement measurement was slso used in conjunction with the timing
lines provided on the oscillograph record to determine forward speed of
the carriesge.

The internsl instruments msy be viewed in figure 2(b). They con-
sisted of two inductive linear displacement plckups, one of which indi-
cated plunger position in the control unit and the other of which indi-
cated the position of the control piston in this unit. These pick-ups
were believed to possess a flat frequency response up to 600 cycles
per second. They were checked for interactive errors due to the relative
motion of the various metal parts in the control unit end for immersion
in oil and were found to be unaffected by either. The electrical energy
to and from these pickups was carried in a cable sealed in a metal tube
which passed through the top of the strut down along the left inside wall
of the pilston supporting tube to the conmtrol unit. (See figs. 2(a) and

2(v).)
RESULTS AND DISCUSSION

Since the main purpose of this investigation was to demonstrate that
the band-pass princliple could be applied to the landing-gear problem, it
was believed thet the simplest means of evaluating the performance would be
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through a comparison of the results for the band-pass shock strut with
those for the fixed-orifice shock strut. These results are presented

in time-history form and as maximum force values in figures 5 to 9. The
maximum values of the more important measurements are also listed in
table I for the low-pass strut and in table II for the fixed-orifice

shock strut. It should be borne in mind that these maximums did not
necessarily occur at the same lnstants of time in a given run. It might
be mentioned that the lower cylinder meximum pressures given in the tables
were obtained by fairing through.the oscillations on the records. The
mein orifice area was calculated for the instant of meximum strut tele-
scoping velocity by means of Bernoulli's equation. Values of mein orifice
flow ares much smaller than 0.08 square inch (plunger-seated value) indi-
cated that foam or air were passing through the orifice instead of oll
although some variation above this wvalue probebly occurred with oil flow
alone because of pressure recovery above the necked sectlon in the orifice.

The different types of comparisons presented under this section are
subdivided into separste subsections so that each property of the band-
pass strut cen be consldered in 1ts entirety bpefore going on to the next
property. First, results of taxi tests over single bumps are considered
from which the pulse-rate-response comperison can be made. Next the time
histories of the various parameters during passage over a single bump,
from which & clearer understanding of the control mechanism functions can
be achieved, are reviewed. The results of taxi tests over repeated bumps
are then presented from whlch the recycling capability of the low-pass
strut between pulses can be ascertained. Finally, the effects of landings
on single bumps are discussed.

Pulse-Rete~Response Comparison

In order to test the pulse-rate response or band-pass characteristics
of the low-pass shock strut, taxi runs were made for a range of speeds
over several different bump sizes at several tire inflation pressures.

The fixed-orifice strut was then taxled over these same bumps with an

attempt made to cover the same speed variation until the speed was attained

at which the design load for the strut was reached. In most cases the
low-pass strut could be taxied over the bumps at the maximum cerriage
velocity whereas the fixed-orifice strut was limited to low speeds for
the steep high bumps. An effective wing lift of 0.88g which might be
consldered to represent high aircraft texi speeds was used on a8ll texi
tests in this investigation. Actuelly, thls was done to protect the
equipment against damaging loads which might have been encountered if
the strut ever bottomed during the tests. Several pulse-rate response
plots drawn frem these dats are presented. The first of these is shown
in figure 5 which presents maximum axisl shock-strut force measured during
taxiing over a bump 2 inches high by 10 inches long which was shaped as
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an inclined plane end rounded at the far end to prevent cutting the tire.
Although the inclined plane type of bump would at first glance appear to
cause a low rate of load application, in effect it turned out to be rather
severe and abrupt, since, when the tire contacted this bump, a large area
of the tire came in contact with the bump almost at the instant of con-
tact. A rectangular-shaped bump 1ls not believed to be much more severe
since it causes a progressive denting of the tlre during passage over 1t
and elso because of the kinematics associated witk the rolling of a rigid
disk over a step-shaped bump.

The tire pressure in this test was 225 pounds per square inch which
is considered to produce a fairly stiff tire. In figure 5(a) is presented
a comparison of experimental maximum shock-strut forces derived from strut
internal pressure measurements and in figure 5(b) are presented maximum
forces derived from accelerometer measurements. In both cases conven-
tional loads are denoted by the square symbols snd low-band-pass loads
by the circular symbols. As the taxl speed increases, the rate of increase
of the applied load pulse increases since the time spent on the bump
becomes smaller. Both plots show that the loads in the low rate of appli-
catlion regime are approximately the same for both struts up to about 20 or
30 feet per second as anticipated. These slowly applied loads were
obtained at low taxi speeds and have rates of gpplication equivalent to
landing impscts. Actual landings made with both struts verified this
agreement by developing equal loads for slowly applied pulses. The low-
speed taxi runs actually were made over the 12- by 120-inch bump and were
applied for the 2- by 10~inch bump by multiplying the actual forward speed
of the test by the ratioc of the slopes of the bump tested to the bump
plotted to obtain the forward speed plotted. The reason for using the
12- by 120-inch bump instead of the 2~ by 1l0-inch bump was that the carriage
could not be taxied at a constant speed below about 20 feet per second
as would have been required for the 2- by 10~inch bump. The equivalent
speed for the 12~ by 120-inch bump wae higher and so could be used. An
experimental check of this technique showed that 1t was allowsble as }ong '
as maximum force was reached before the tire traveled more than 2 inches’
vertically up the 12-inch-high bump, which was the case in this test.

For the high rate of spplication regime where the band-pass action
comes into play, the load developed remains constant as the taxi speed
increases whereas the load Geveloped by the fixed-orifice strut continues
to grow larger. For the highest speed shown on the pressure derived plot,
the low-pass strut developed only sbout 45 percent of the load for the
fixed-orifice strut, whereas for the acceleration derived plot the low-
pass strut developed only about 60 percent of the load for the conven-
tional strut. Several reasons may be given to explain why the reduction
in upper msass acceleration was not as large as the reduction in pressure.
First, the effect of strut friction and binding loads was exceptionally high
for this test and resulted from tightening the bearing nut (fig. 2(a))
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on the strut to compress the chevron seal to prevent strut failure on
complete reextension due to high-speed metal-to-metal lmpact as was
mentioned previously. Second, the rigid-body accelerstion of the boom
vas modified by the dynamic response of the flexible structure which
had naturel frequencies in the strut attachment fitting and boom combi-
nation of around 100 cycles per second which was in the same neighbor-
hood as the pulse loads imposed on the conventional shock strut. The
differences observed between the pressure-derived loads for the fixed-
orifice and bend-pass struts are believed to be more significant, how-
ever, than the differences observed for the acceleromenter-derived
loads because the pressure-derived loads are less dependent on the
dynamics of the strut suspension and on the design of bearings and oil
seals in any particular shock strut.

In figure 6 a set of plots similar to those of figure 5 are pre-
sented with the exception that a moderately low tire pressure of T5 pounds
per square inch wes used during taxi tests over a bump 4 inches high by
10 inches long. This case might be of interest for aircraft operating
off of unprepared rough surfaces. In figure 6(a), a large difference
of the pressure-derived loads at high velocity is sgein seen, the band-
pass strut developlng only about 50 percen% of the load of the fixed-
orifice strut at the highest velocity. A lesser reduction in the
accelerstion~derived loads is shown in figure 6(b), as expected, the
maximum load developed by the hand-pass strut esmounting to about 75 per-
cent of the fixed-orifice strut load. It is also evident, although
only low-band-pass experimental data are avalleble for the slowly
applied loading regime, that an intersection point for the low-pass and
fixed-orifice curves 1s indicated by the remainder of the data in the
neighborhood of a taxiing velocity of 20 to 30 feet per second.

Control-Mechanism Functions

In order to furnish additionel details of the band-paess action,
figure 7 presents illustrative time-history records for one of the
high-speed test condltions shown 1n figure 5.

The first significant point to note is that the plunger in the low-
pass strut has opened the orifice wide (to effectively three times its
original area) in only 2 milliseconds after the time when the first
significant pressure rise is noted in the strut. This time corresponds
approximately to only a 2-inch forward travel of the tire along the
10-inch bump length. This plunger response 1ls shown subsequently to
be adequate for reducing loads even during landings on step-shaped bumps
or planks because of the gradual load buildup due to the kinematics of
bump and wheel in spite of the hard tire. This rapid plunger action is
belleved to provide a satisfactory answer to one of the original ques-
tions regarding adequste response speed of the variable-orifice valve.
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The band-pass action results in the reduction of lower cylinder pressure
which to a large extent determines the hydraulic load developed by the
strut. The reduction of boom acceleration for the low-pass strut is
also evident in figure 7. Another interesting point is that the rates
of increase of acceleration and of pressure (with oscillations faired
out) are reduced by the band-pass strut action. It is believed that
this sutomatic loading rate reduction should result in a reduction of
spin-up drag loaeds during landings beceuse of the longer spin-up time
which results from the slower buildup of ground friction. Also, the
higher harmonics of the landing-load pulse imparted to the airplane
structure should be attenuated by this action and should result in bene-
filcial alteration of the aircraft dynamic response during an abrupt
landing impact.

From the velocity records 1t is evident that the band-pass strut
telescopes consliderably faster than the fixed-orifice strut which effec-
tively allows the wheel for the band-pass device to follow the bump
rather than to force the tire to deflect and load the gear. Although
the design telescoping veloclty of the fixed-orifice strut was of the
order of 5 or 6 feet per second, the band-pass strut telescoped at the
rate of over 25 feet per second during some tests with no evidence of
the existence of foam in the lower cylinder and without exceedlng the
design load for the strut. ZFrom the displacement curve, it can be seen
that the increased telescoping veloclity results in an increased tele-
scoping dlsplacement for the low-pass strut as expected. It msy be of
interest to note that the telescoping limit before hottoming the strut

was 7% inches and that the maximm displacement observed in the tests was

6% inches.

The 300-cycle-per-second oscilletions apparent in the plunger dis-
placement and the lower cylinder pressure curves for the low-pass shock
strut are believed to result from excitation of the undemped plunger-
spring combination in resonance wilth the strut mount which also had one
natural frequency of approximately 300 cycles per second. Since every
effort was made in the construction of this band-pass control unit to
eliminate friction, it is possible that insufficient plunger demping was
avellable and that, if the effort at frietion reduction had been smaller
or 1f a different strut mount frequency had been used, the vibration
mey not have appeared.

Another interesting observation concerns the behavior or the con-
trol piston and plunger combination. The control piston is seen to
act in a delayed manner to compress the stiff spring between itself and
the plunger. The sum of the instantaneous piston and plunger displace-
ments gives an ides of the spring compression and shows how the piston
forces the plunger closed by means of the spring. Therefore, the
delay between the rapid plunger opening end its slow closing through
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the downward motion of the piston determines more or less the time con-
stant of the plunger opening for this control unit. This time constant
can be adjusted by varying the relation of orifice sizes in the control
piston and cylinder as well as the relation of effective esreas of the
piston and plunger and the main spring rate. Of course, other band-
pass control units can be bullt in which the time-constant adjustment
is made simpler by using an upper cylinder dump system as an suxiliary
valve instead of combining it with the plunger variable-orifice wvalve
as was done for this control unit.

The effect of the open-plunger time constant on strut behavior for
rapidly applied bumps of different duration may be described somewhat
as follows. For pulses having durations shorter than this time constant,
the plunger opened up, allowed the strut to telescope rapidly to reduce
the load, and then closed after the pulse was over. For pulses having
durations longer than thls time constant, the plunger opened up and
allowed the strut to telescope rapidly so that the wheel mass achieved
a high vertical velocity. Then when the plunger closed before the
pulse was over, the load built up again to roughly the fixed-orifice-
strut value because of the arrest of the extra high wheel mass velo-
city by the small orifice strut pushing agelnst the large upper mass
inertia.

Recycling Characteristics

In order to investigate the degree to which the band-pass shock
strut was able to recover from a fast load pulse preparatory to
experiencing a subsequent load pulse, some recycling tests comparing
the fixed-orifice and low-band-pass shock struts were conducted. In
these tests the landing gear was taxied over & series of three bumps
in which the second and third bumps were spaced at equal intervals
beyond the first bump. During these tests the bump spacing and the
taxi speed were varied so as to produce different frequencies. Three
remp-shaped bumps were used each of which was 3 inches high by 12 inches
long. For the band-pass strut, tire pressures of T5 and 225 pounds
per square inch were used whereas, with the fixed-orifice strut, only
the low tire pressure of 75 pounds per square inch was used in order
to keep from failing the strut. The bump spacings were varied from
10 feet between bump center lines to 1.5 feet.

From the results of these tests, 1t was found that the band-pass
ghock strut was able to recycle for all bump spacings in this interval
without exceeding the design loads. With the fixed-orifice strut, however,
the design loads were exceeded, sbout the worst case occurring when
the bumps were spaced about 5 feet apsrt. Time-history records comparing
the band-pass and fixed-orifice shock strut for such a run are presented
in figure 8 to illustrate recycling behaviors for both struts.
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From the acceleratlon and pressure traces it can be seen that the
loed pulse for the first bump was slowly applied as evidenced by little
alleviation from band-pass actlion. It 1s also evident from this first
pulse thet the pressure and acceleration gre well within the design
values. After this impact the action of the fixed-orifice strut
is traced. As the strut reextended between bumps, foam was believed
to have been introduced into the lower cylinder, both by passage down-
ward through the orifice and by air coming out of solution in the
lower cylinder when the pressure in it dropped. Contact with the sec-
ond bump caused the strut to recompress very rapidly as seen from the
telescoping velocity trace resulting in the transfer of some foam
through the orifice and in forcling the air back into solution until
liquid-to-metel contact occurred. At this point an abrupt reduction
in telescoping veloclty occurred with the resulting hammer blow shown
on the pressure and  -acceleration plots. These hammer blows almost
tripled the load by the time the third bump was contacted and exceeded
the strut design acceleration by some 10 percent and the hydraulic
pressure by some 40 percent. It may be noted that, although the strut
was rapidly collapsing during the taxiing over the second and third
bumps, the telescoping velocity was several times the design value
while the bubble existed in the lower cylinder. The resulting arrest
of the lower strut and wheel masses when the bubble disappeared produced
the hammer blows measured. If a high tire pressure had been used in
this experiment, the strut load probably would have been conslderably
larger and the strut would have falled.

Next, the band-pass strut is considered. Since the first impact
was slowly applied, the load wes not eased much as was observed pre-~
viously. For the succeeding losd pulses, however, the action of the
control-unit components prevented the oil-hammer action mentioned before,
and thus the maximum pressures and acceleration were reduced to less than
one-fourth of the values for the fixed-orifice strut. The two control-
unit actions which prevented the hammer blows may be described as follows.
First, it cen be seen that between bumps the piston and plunger were
retracted upward and the main orifice was opened wide to allow the fluid
to return rapidly to the lower cylinder; thus s moderately high pressure
in this cylinder was maintained to prevent dissolved air from coming out
of solution to form & bubble in the lower cylinder. Second, when the
strut contacted the following bump, the plunger was forced to remain open
by the rapid increase of pressure in the lower cylinder. Thus after the
foam was driven out of the lower cylinder, the wide open orifice allowed
rapld transfer of the oil Into the upper cylinder so that the strut could
continue to telescope at a repid rate without the sbrupt buildup of pres-
sure which caused the hammer action in the conventional strut.
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These recycling tests were made with sbout 2/3g effective wing
1ift to simulate an alrcraft taxling at a relatively hlgh speed. Since
this control action was effective for all the bump spacings used, it
appesared that the band-pass strut could recycle itself for any bump
spacing which the wheel and tire could be fdérced to follow. These
recycling tests might also be interpreted to glve an indlcation of the
maximum load alleviation possible for this low-pass strut under the
application of a step forcing function {the oil hemmer action) for the
case where a soft fork and tire cannot delay the application of load.

In order to determine whether the bump spacings used in these tests
might be encountered in practical situations, one might envision a .
situation of a water-based aircraft with a shock-strut mounted ski, or
foll taxiing over small closely spaced waves or a situation of a dis-
persed manned ailr force operating from rough unprepared fields with
suitable landing gears. In such situations, small relatively closely
spaced bumps might fall the landing geer 1f conventional struts were used,
unless these struts are equipped with a means for rapid recycling which
does not introduce foam 1nto the lower cylinder.

Lendings on Single Bumps

The case of a combined loading pulse made up of a rapidly applied,
short-duration pulse superposed on a slowly applied, long duretion
pulse was discussed theoretically in reference 1. This condition is
realized in practice during e landing, which constitutes the slowly
epplied load application, on a steep bump, which constitutes the rapidly
applied pulse. Such & situation may occur, for example, during a design
landing on an aircraft carrier in which the tire is bottomed and in this
condition runs over an arresting gear ceble. In the present investiga-
tion, landings were made with a hard tire on step-shaped bumps to compare
the fixed-orifice snd low-pass strut behaviors. A time-history record of
such an impact on a rectangular bump 2 inches high by 10 inches long
is presented in figure 9. A wing 1lift of 1 g was required to echieve a -
constant flight-path angle prior to ground contact.

From the acceleration amd pressure curves it 1s evident that there
is some reduction of load for the band-pass strut during the early stages
of the impact. For impacts at lower forward speeds but with the same
sinking speed, these reductions were not noted for the low-pass strut
and both struts behaved similarly for such slowly sppliled impulses.
These reductions of acceleration and pressure during the early stages
of the impact in figure 9 may be explained as follows. On contact of
the landing gear with the runway the plunger opens for a short time
because of the discontinuous change from no load to finite load, after
which time the plunger is closed by the control piston. These plunger
and piston actions may be observed in figure 9. The fact that the

it
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plunger is open results in a reduction in normal load, which, in turn,
probably causes & reduction in the spin-up drag load. This lower drag,
in turn, probably results in lower strut binding friction which maintains
& lower normal load. This cycle of interdependency could not be defin-
itely established by these tests since no measurements of spin-up drag
were available. It 1s believed to have existed, however, for this case
because of the fact that in impacts at lower forward speeds for which
lower spin-up drags probably existed, load reductions were not encoun-
tered as was stated previously.

When the hard tire encountered the step-shaped bump during the
landing impact, it is seen that the loads and pressures were boosted for .. -
both struts, although the values for the low-pass strut were only about
80 percent of the fixed-orifice strut values. Actually these reductions
for this rapid pulse application during the impect could probably have
been considerably greater if the control pilston acted slower in forcing
the plunger to close the main orifice. However, since the object of
this investigation was only to find out whether the band-pass principle
was practicable, no development work was carried out to adjust the orifice
sizes in the control piston and cylinder to bptimum values. Such adjust-
ments would have modified the time constants of the plunger and piston
motions which might have been bhalanced against each other to produce a
more desirable action under combined pulse situations. From the results
of figure 9, it is, however, evlident that the control unit behaved in
the proper manner from a gualitative point of vliew in reducing the high-
frequency pulse loads. The displecement curves on this plot behave about
as would be expected, the band-pass strut exhibiting greater telescoping
deflections which resulted in greater vertical displacements of the upper
mass representing the aircraft.

Possible Applications of Design

Some possible gpplications of the band-pass principle to practical
designs are presented in this section.

For the single-acting low-pass shock absorber, several landing-gear
epplications have been suggested in reference 1 such as snow skis, hydro-
skis, or high-pressure tires operating from rough surfaces. In connec-
tion with military aircraft dispersal it might also be considered that
operation from rough unprepared fields might be possible. Reference 3
considers a band-pass strut in conjunction with a soft tire, probably
on a lever suspension, for such operations. Another possible applica-
tion might be for hypersonic alrcraft in which aerodynamic heating of
the enclosing structure converts normally used high-pressure pneumstic
tires to potential bombs capable of wrecking an ailrplane. Because of
this possibility, one msnufacturer recently tested an aircraft equipped
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with s0lid tires and conventional shock struts. These tests are believed
to have been unsuccessful because of excessive ground loads. The use of
& low-band-pass shock strut, which in some measure replaces tire resil-
ilency, might however reduce the solld-tire loads to acceptable values.

Extension of the frequency range by use of a floating-piston design
of low-pass shock strut has been considered. A double-acting vibration
absorber of this type has also been designed and is described in the appen-
dix. The areas of application of floating-piston band-pass absorbers
might include vibration elimination (such as for spring-suspended helicop-~
ter rotors or blades) or vibration elimination (such as for flutter dampers).

CONCLUDING REMARKS

As a consequence of the experiments reported herelmn, it was demon-
strated that the low-band-pess shock struit behaves as a fixed-orifice
strut for slowly applied loads. For rapidly applied pulses of short
duration achieved with hard tires on single steep bumps, loads for the
low-pass strut were sbout 50 percent of the loads of the fixed-orifice
strut, whereas for cyclic loading, the low-pass loads were less than
25 percent of the fixed-orifice strut loads. These load reductions were

1

accomplished by the addition of & control unit weighing only 1§-pounds to

a shock strut which wes designed for a 5,000-pound airplane. It is thus
concluded that the band~pass principle offers a practical means for
reducing rapidly applled, high intensity loadings. For repidly applled
pulses superposed on slowly applied pulses, load reductions of only 20 per-
cent were achileved but these cen probably be increased through further
development of control elements. It was not attempted to improve this
performance since optimumization of & shock absorber for any particular
application was not an object of this investigation, the main object

being instead to demonstrate that the band-pass principle could be applied
to a practical problem. For the single-acting low-passe shock absorber,
several landing-gear spplications might be suggested such as with snow
skis or hydro-skis, with high-pressure tires on rough runways, operation
from rough unprepared filelds, and for hypersonic aircraft using solid
tires. The proposed design (discussed in the appendix) of a floating-
piston vibration absorber may be used for spring-suspended helicopter
rotors or_for flutter dampers.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeromnautics,
Langley Field, Va., June 2k, 1958.
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APPENDIX
FLOATING-PISTON LOW-PASS VIERATION ABSORBERS

Since completion of the design of the single-acting low-band-pass
shock strut shown in figures 2, 3, and 4, consideration has been given
to improving this design. The shock sbsorber dealt with in the main
text of this paper utilized the principle of varying the orifice size
as a function of the applied rate of loading to control the load developed
and transmitted by the strut. For such an absorber, in order to reduce
the damping force at, for example, high rates of loading, the orifice is
opened wide. There is, however, a maximum flow rate at which this wide
open orifice can be considered not to offer a flow restriction. Above
this flow rate the shock-strut damping force increases to large values
in spite of the large orifice opening. In order to extend the range of
response of the strut to include steeper pulse rates, the "floating-
piston" class of band-pass shock and vibration absorbers were designed
and are discussed herein.

Designs for the floating-piston low-pass vibration absorber have
been conceived for both the single-acting, landing-gear type of shock
strut and the double-acting type of vibration absorber (an example of
which is shown in fig. 10). The double-acting ebsorber was selected
Tor illustration since single-acting low-pass shock struts have been
discussed in reference 1 and in the present pasper along with some of
their practical applications whereas a design for a double-acting
band-pass vibration absorber has not been presented previously. One
of the essential features of the floating-piston absorber of figure 10
is that the mein piston is not comnected either to the main piston rod
or to the main outer strut cylinder. This piston merely floats in the
fluid and allows the main piston rod to slide through it within certain
prescribed 1imits. For low frequencies or rates of load epplication,
this piston is automaticelly coupled to the main piston rod by a type
of fluid coupling and thus simuletes a conventional vibration absorber.
For high frequencies, on the other hand, this piston is merely left
uncoupled from the main piston rod which slides freely up and down
through the piston. The automstic fluid coupling consists essentially
of a cylinder of fluid which becomes rigid (transmits load) when con-
tained because of the inherent incompressibility of the fluild and becomes
soft when the fluid is allowed to seep away. The method of operstion
of this vibration absorber is as follows:

The main shock-strut body 1s assumed to be attached to one element
of a mechanism and the main piston rod to be attached to the other ele-
ment in a system in which it is desired to absorb vibrations existing
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between elements on a frequency-selective basis. Since the device of
figure 10 is symmetrical about a horizontal plane through the main piston,
alterpating pulses are treated in exactly the same fashion by the appro-
priate half of the control unit involved. The parts In this control unit
are mostly annular in shape so that the enlarged section In the circle
gives an idea of the operation of the entire unit. Let us consider first
the case of a rapidly applied force pulse exerted upward on the main pis-
ton rod with the main shock-strut cylinder assumed to be stetionary. As
the main piston rod rises, fluid is pressurized between the drive piston
(shown in the enlarged view at the right) and the upper pump piston in
the pump cylinder. This fluid is forced to flow through the upper supply
port which increases the pressure in the upper half of the control unit,
forces down the upper plunger, and thus allows the fluid to escape through
the high-frequency inlet end escape ports into the main shock-strut cylin-
der in the region above the mein piston. This pressure pulse also tends
to close the upper check valve. Since the pulse is fast and of short
duration, very little fluid is forced through the upper bleed orifice

into the control cylinder to compress the upper spring by forcing the
control plston upwerd toward the plunger. Thus, very little fluid pres-~
sure is requlred to operate the plunger ageinst this uncompressed spring.
It then follows that the pressures in the upper pump cylinder and control
unit are relatively low; thus, the control unit and mein piston are not
forced away from their original position in the strut.

By the same token, since the lower section of the pump cylinder
below the drive piston is expanded by the upward motion of the main piston
rod, fluild is sucked into this cylinder through the fixed main orifice,
into the overflow passage which is not closed. by the drlve piston that
was displeced upward by the piston rod, through the lower half of the
control unit, and finally through the lower supply port. If the lower
plunger is slightly opened, fluid may also enter the lower half of the
control unit through the lower high-frequency escape and inlet ports.
Thus, for rapldly applied loads or motions, the main pilston rod is
effectively disconnected from the main piston so that only a small force
is developed and transmitted by the absorber. After the upward pulse
on the main piston rod, if no other pulse is applied, the centering
spring will gradually raise the control unit relative to the main piston
rod, until the main piston is again centered on the drive piston. If &
reverse or downward pulse i1s next applied to the main piston rod, it is
evident that an action, the reverse of that which has just been described
would occur. .

For a low-fregquency pulse having a low rate of spplication, a
different action takes place. In this case the £luid 1n the upper pump
cylinder is again pressurized as the main piston rod moves upward but at
a slower rate; thus, an eppreciable quantlity of fluid 1s forced through
the upper hleed orifice. The pressurized fluid also closes the upper check
valve and compresses the plunger return spring by forcing the control
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piston up toward the plunger. It is assumed that in this case, since the
pressure rise is gradual, enocugh fluid can flow through the bleed orifice
to balance exactly the downward pressure on the plunger in the closed
position so that no fluid cen leave the upper control cylinder through
the high-frequency inlet and escape ports. Therefore, the pressure grad-
ually increases in the upper pump cylinder and control unit wilth the result
that the control unit and msein piston are forced upward, at a slightly
greater rate than the maln piston rod moves upward, until the mein piston
is again centered on the drive piston. When the main piston Just passes
this point on the main piston rod, fluid can leave the upper control cyl-
inder through the overflow passage and maln orifice and can be dumped into
the region below the msin piston. Subsequent to this time, as long as
the slowly applied pulse continues, the main piston is centered on the
drive piston and the. fluid from the pimp cylinder is continuously
exhausting through the overflow passage. Fluid from above the main pis-
ton, therefore, must flow through the maln orifice into the region

below the main piston; therefore, the shock strut will behave similar

to & conventlonal fixed-orifice shock absorber for these low frequencies.
The main piston is kept centered on the drive piston during slowly
applied pulses in order to prevent the drive plston from boitoming

on either end of the control cylinder either during large amplitude
pulses or following a series of unsymmetrical pulses or motions.

For the case of a high-frequency pulse superposed on this low-
frequency pulse, & rgpid additional pressure rise occurs in the pump
and control cylinders. Since the £luid cannot flow through the upper
bleed orifice fast enough tc increase the force on the main spring to
the new level required by the high-freguency pulse, thils instantaneous
pressure rise will open the plunger momentaerily and allow & burst of
fluid to leave the control cylinder through the high-frequency inlet and
escape ports. Thus, repld pulses even though superposed on low-frequency
pulses should be handled exactly as if they existed alone. In the case
of the low-frequency pulse, as the load drops off, the pressure in the
pump cylinder detreases and the plunger return spring forces the fluid
out of the control cylinder through the upper check valve.

From this discussion, one can deduce that this floating-piston
shock absorber is made up of & small pump which is driven by the main
piston rod and which drives the main piston through the control unit
(in this case, a frequency-controlled hydraulic motor). When the main
piston is being driven, as for low-frequency pulses, the reaction on
the main piston rod is the force resulting from the pressure differen-
tial above and below the main piston. This pressure differential arises
from the fixed-main-orifice restriction as in a conventional fixed-
orifice absorber.
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The action of the main piston in recentering itself on the piston
rod during a low-frequency pulse allows this shock absorber to atienuate
meny high-frequency load oscillations during the course of & single low~
frequency load pulse. Thus the low-fregquency load can be transmitted
and demped, whereas the many high-frequency load oscillations sre not
transmitted. It can be seen that the recycling of the many parts of
this shock absorber for both hlgh- and low-frequency vibretions is auto-
metlcally-taken care of. It 1s believed that this shock absorber is
sppliceble to much higher frequencies than the varlisgble-orifice type
of band-pass absorber. There is also anslytical reasoning (not pre-
sented in this paper) which indicstes that the high-frequency load-
reducing characteristics of the flosting-piston absorber sre super-
ior to those for the varigble-orifice absorber.

The areas of application of either single- or double-gcting floating-
piston band-pass sbsorbers might include vibration isolation (such as
for spring-suspended helicopter rotors or blades as mentioned in ref. 1)
or in vibration elimination (such as for flutter dempers). In both cases,
it is intended to remove the undesirable vibration occurring in one fre-
quency range whlle preserving, without resonsnce, pilot-induced motions
and airplane reasctions occurring in ancther frequency renge.
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gtrut | Axial acceleration, &, for 5| Lowar Pluoger 8trut foree, 1b
Tre [Forwerd | Remarks i Orifiae (et
Bun |preasurs,| speed, | cote | 21 preay oylinmter. dimlﬁt“:e- ren, [piapisae- [ determined from -
pat fon " ing ? | Bocm Ptbing Btrut | Axle pal m. &g in, u:i.;, £oo [ Pressure
Taxding over tuwp 5 inchen high by 12 inchas long; wing lift of 0.88g
551 %00 5.6 e 13 356 | 3.76 | 6.2 | H.9| 1,157 0.118 0.850 2,86 30 9,010 ;,9»9
gﬂ 300 TLA ¢ 13 k13| 3.4 g.j 67.1 | 1,30 1 233 a.g; 15.09 9,518 ,
500 ™.8 a3 13 37| h.B3 gl e 165 .2ho 2. 16.29 10,202 9,
Taxiing over bump ¥ inches high by 10 inches long; ving lift of 0.88¢
h1 ™ ﬁ.a 8 -] 2,20 [ 2,3+ | 30,0 | 25.3 908 0.073 0.1B% 2.7k 8.7 5,376 6,276
hp ™ .2 0 2p 292 | 2.65 | %0.3 | 33.2 | 1,066 098 Lok 2.48 10.92 6,124 '6(,352
i} ™ 5 b c o8 3.19| 3.5 | 76.5 | 67.5 g37 138 369 2,59 2.7 7,790 ,léﬁe
5 ¥] 55,0 e 20 2.991 338 | 99.1 | 42.6 | 1,1k2 108 280 2.k8 13.17 5,321 7,849
1] ™ 61.0 e &2 538 3Bl | 69.8 | 5,2 | 1,04 110 -1 2,65 15.16 -y 7,183
he ™ 5.4 c 2 3.67| 3.84 | B33 GB.Z 1,125 .128 270 2.71 16.81 8,920 Z,m
b7 ™ 70.9 c -] 5.60 | 5.8 | 87.9 | 68. 1,165 J128 260 311, 17.0L 8,TTL ,Q12
o ] 70.9 a o 379 | 3.6 [216.0 [ ok | 2,190 195 30 2.82 oh.63 9,20;( 8,176
b7, ™ T.B- ¢ ep 5.8 | h.03 |16.,0 1027 | 2,195 .25 378 2.8z 25.58 9,64 8,279
56 130 48,1 P 28 .02 | h,o6 66.3 k8.5 | 1,264 . 38T a.g £0.6% 9,362 8,755
5T 150 60.6 [ 28 k.30 L.62 E 55.8 1,224 098 3h9 2. 23.3% 10,477 4502
568 150 £5.8 c 2 |3.95 | L.ho T | 59.7 l,g_z .18k 'ETS 2'& 23,85 9,613 8,505
59 150 7.9 e 28 ol hooe | B9 |65.5] 1, LY ATL 2, 25.62 10,545 8,2
60 150 7.5 o 22 hos| k39 | 85.7 | 649 1,357 T 63 2.6 23.82 9,% 9,309
61 225 8.1 a 22 his | &7 E'O 9.3 | 1,302 138 N0 3.08 16.09 10, 8,916
62 229 5.6 a e2 k56| 5.08 0 | 60.0 | 1,k3 150 270 2.88 16.98 11,1%9 9,699
63 =20} 60.h I 2e h.6d | 5.0 | B0k | 64.6 | 1,466 155 276 1) 17.68 11,320 10,057
35 300 aﬂ.e e 22 3381 5. | 60.0 | 54,8 1,180 P I P11, 3.02 .52 8,187 8,10k
3 300 38. e o 68| 516 | 79.% | 560 | 1,930 5T 225 3.02 kb3 11,hat 10,421
. Iandings on Tlat rumwys wing 1ift of 1 8
17 229 Ay 3 e 15 g.12 | 247 | b | 186 509 0.055 0.160 L.98 T.15 5,020 5,651
12 205 8.0 a 15 Lag | ».690 | 65.1 |30.3 | 1,103 088 207 6.5 10.52 10,120 9,959
Ianding aocvoas rectangular plank 1 insh high by 12 inchea lomg; wing lif't of 1 g; ainking speed of 3.51 Ips
10| o2 | 0.2 [ emr| 1[50 | r17 |2 3.0 ] rur | o8 | oage | 6re | 1005 | 7,40 j 7,72

landing asyoss rectangular plenk £ inches high by 12 inches long; ving Lift of 7. g sinking speed of 5.63 Tpe

191[ 225 | 70.9 L a3 ril: |h.haL6.:|3J e |51|.1+[ 1,702 ] 0,086 Iu.ao'r | 5.19 | 15.49 [ 10,k37 —[:u.,'rss

Code: c, chevron seal; 4, bump separation; O, "0" ring seel; r, plinger retrastor operative.
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[Bropping weight, 2,360 1b; initizl sirus air preaswrs 60 pai

NACA TN 4387

determined from -
ccelerometer |[Pressura
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r, plung=r vetractor operatlve.

40pde:  c, chevron seal; 4, buwp separation; O, "0" ring geal:



TAEIRE TI,- TRST COMDITTONY ARD RESULTING DATA MAXTMIMS - FIXED-(RIFICE SBOCE SPRUT

[Cropping wetght, 2,360 1b; inttisl strut air pressure, 40 pai]

Axigl acaeleration Btrut telescoping
Btrut 4 Lower Plunger 8trut fores, 1b,
Mre Forverd| o | ine14- &, for - cylinder |displase- | TFifloe detarminad from -
Rmn |pressure, | spesd, code retion preasure ment arsa, |[Displace- Valoed
wal fpa deq | Boo |AUCR [ oy b | Ar1e st | an. | seime [ omet, |V e emeter |Prenmare
) fitting ? . in. fps !
Faxiing over thmp 12 inchas high by 120 inches long; wing 1if% of 0,88g
&7 25 25.2 e p 6 0.4 | o.82 3.0 6.8 24 ——— o.g%i 554 2,18 1,66 1,737
88 o 37.8 4; & 1.31| 1.6 | w0.0| 6.7 hpf ——— . 3.0 2,18 E,m 2,987
89 225 k9,0 o 6 1.69{ 1.87 | 10.0|10.2 628 - g;e k.18 g.ha ,a6 L,3kg
90 225 60.6 e; p ] 2.86| 2.3% 8.8411.2 are ——— . h.o3 Q07 5,1h3 6,:;(
ol e 7.9 | o;p & |[3.8]| 2.88 | th.2|135.9| 1,03 ———— 077 5. hTT 7,568 7y
%2 2 85.5 0 P 6 5.67| 3.81 | 12.9/16.0 | 1,081 —— 079 s, 5.36 7,911, 8,809
Taxiing over busp 1 iuch high by 10 inches lomg; wing 1lift of 0,B8g
B | 0 [ ws| 0] 6 |1.oB| 126 | 13.9[m5 | sy | [ 0.066 | o089 | oM [ 278 | 0
Taxiing over busp 2 inches high hy 10 inches long; wing 1itt of 0.B8g
106 225 28,7 e} p n 1.85| .95 | 18.7|19.2 600 s 0.102 1.7 5.67 h, 184 &, 208
105 a5 3.9 o; p 11 2.30 | 2.25 | a5.5|19.7 802 — 080 1.%32 - 4 5,218 5,527
10k 280 59.2 ey p 1, 8,%| =29 | 5e.9|e7.5 | 1,010 . 077 1.27 h.67 6,h65 6,948
107 229 0. e;p | 11 |2.9% B.Zg 20.2 | 35.3 | 1,068 — o0 2.36 h.g-r s,gzg 8,849
102 225 75.8 e} P 1 e8| e 3.1 | 386 1,235 — TR 1.8 kBT 6, 8,475
109 20%5 .2 a3 p 8 2.87| 3.25 | 30.0]37.8 1,390 Freevers 010 2.7L h.;; 5,56% 9,589
11 205 g.l a3 p 8 3.0 3.95 | 6.7 4| 1Lk B 000 1.15 5. 8,256 9,756
w8 | 225 0 a3 p 1 |5.ed| ke | 38.9(40.5] 1,357 —— O3 2.5 5.16 7,587 9,921
103 225 Be.8 e un 3.58| 459 | 515 (528 | 1,373 — 078 2m 5.5 8,057 9,h11
110 -] 4.8 e p 8 3.19| 3.96 | M0.7|N6.2 | 1,06 _— 075 2,79 E.}G 8,080 9,659
Oh 300 .2 o P 11 22| e.e2 | 20,5200 909 S 07 1.35 A7 5,785 &,2%
Taxiing over btump 4 inchss high by 20 inohas lomg; wing lift of O0.88g
9 o hB.3 o5 p 1 2.66 88 | e | a5 | 1a72 — 0,070 3.6% 5.16 8,937 10,112
10| 225 60| o5 | 1L |u37| bve | 9] 36.6 | 1,113 o 2.36 5.9 9,776 12,138
100 een 70.9 a; p 11 5.06| 5.4 | #8.5]36.2 | 1,991 ——— 075 2,88 6.26 11,625 13,1k6
Tariing over Tump 3 inches high Ty 12 inches long; wiog Lift of 0.86g
11k 224 22,6 ey p 10 1.h9| L4 | 7.7 25.7 Th2 —— 0.073 2.33 5. 3,31 5,260
m | 225 W | eyp| 10 [3.23| 320 | 20.7|e6.9 | 1,347 - o7 218 u.g; a T
na 285 6o.2 o} p 10 5.62] 3,61 | 33.0| k0.9 | 1,669 —_ .080 5.25 6.26 9,030 10.,k41
3 25 0.4 o) p 10 377 h.g Es.l 0.6 | 1,855 e 077 3.00 6.36 8,61L 12,3;(2
223 w4 | e3p| 0 [5.87] 3. 5.5 43.1 | 1,802 —_— O 1.50 5.9 +899 1a,
) 500 .8 oy p 13 3.80] ka8 | 38.7|%2.8] 1,601 — Ok 1.70 5.66 9,675 10,565

%Code: c, chevron ssal; 4, bump separation; p, low-hand-pass ocombrol unit with locked plunger; m, ordginal treiner soubbar and equivalont
arifice araaj 0, "0" ring seal.
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ﬂmn.-mmmmmﬂm-mmmmmmelm

[Droppi.nz welgnt, 2,360 1b; initial gtrut air presswre, o pul]

ge

Axigl acaslarstion Sirut tele=coping
Jtrut ! Lowmr Flunger gtrut force, 1b
Tire g for - - Orifice ’
Remarks incli- cylinder |(Alsplace— determined from -
Run pr;:;urt, Bg?d" code II-:’:GII: Attach Axle m‘ﬂﬂiu‘c; Ts :rq“!.fl'l. m:’;:‘:.- Velocity,
(') g |Boom fitting Strwt pe. - n. fps celarometer| Pressur
mgwmnmhimhumwmmm,mlmoroeag
121 TS 28.h 0 1 20 |2.a2] 2.13 | 22.0[18.5] BT — | 0.058 2.16 2.9'7 5,502 6,450
12h k] 36.8 e} P 22 |2.67 2.& 29.0/2.1 1,12‘ — 073 1.96 T 6,%30 8,002
122 ™ o] el P 22 [2.99] 3. 20.5(28.4| 1,3 — o 1.70 .16 1,979 9,587
126 ™ k8.8 ci P g2 |5.713| W33 | kL.2)30.3 1,% — oT7 1.90 6.16 9,1% |1g,m2
123 ™ b= - o3 p 2o |3.87] kb2 | 38.2 ga.o 1, ——— o7 1.67 6.36 9,33 |1e,769
b4 ™ 59.5 o1 p 22 |3.79] w1 | 33.8|%h.2| 1,907 - | o8| 1.58 6.36 9,438  113,0k9
148 ™ 55.0 er P 22 k.47 5.62 | L6.1]58.k| 2,008 — 1] 1.70 6.9 11,288  |16,708
96| 500 32.9 o p 2o k.60l h.os | 38.2[%e.5| 1,565 — o | 2.39 5.96 12,120  |10,72k
ILandings on flat Tunwey; ving Ut of 1 g
136 2% .6 ;D 15 {2.58] 3.83 | 18.7]16.8 — | 0.0T% L.o6 K17 5,958 5,
157 228 67.3 e} p 15 |2-n| k.16 | 38.913.5] 1,106 —_— .08l h,38 k.67 6,025 7,611
158 225 B ey 15 |%.82| 6.9 | 37.k|20.8| 1,756 —— 078 5,83 6.26 10,97 [12,057
[mﬂingumlra:ﬂngnluplanklimhh@bylzmm longj wing 1ift of 1 g; l:.uumnpednfj.sbtpl_
156‘ 225 l 70.9‘ oy p | EL Ir---r:»l 5.9 | ej-hlaﬂ-it 1,ke0 | ——— I0-015 | 3.9 | 5.56 | 8,629 I 9,778
mmumwympmemmy:wmmulongj ving 1ift of 1 g; ainking spoed of 5.59 f'ps
w| @ | w9 o [ 15 [5] 8.3 | mofed e | — [oom | 435 | 68 | 2om |wwr
Wtﬂimw-rmum-minwn;mmtoto.ﬁg
*+1h% T3 38.2|ps o3 &, 10X 10 l1.00| 2.6 | 1.7(13.2] 836 — 0'% 5.7 377 L, A3 5,8%
1k i 33.2|py oj 4, 101 10 |1.82] 2.21 | 15.6 g.’r 66 e X 5.5 2-51’ b, 233 5,350
%103 -] Ea.e Ti 0} 4, 10 fest| 10 [2.02| 2.88 19.k|18.5| 648 — .11k 2.97 T k, 958 5,068
H1L6 ™ 3.5| 05 cj 4, 3 Teat 10 |1.77] 2.26 | 10.4[22,1] &8 — .06 81 3.6T1 160 5,909
=116 ™ h3.50p; 0; &, B feat 10 |=.57] T.92 | 28.4|38.2| 2,082 — 12 5.98 h.p7 15,260 |1k,275
*x1hE ™ 3.5 ;s 0; &, 5 Test 10 |&.ho| 8.68 | 39.2|38.2| 2,h0 —_— .02l E.a 1.19 15,188 |16,h2%
w1k ™ S| D) e} 4, 3 faet 10 |2.;| 2.26 | 2.5)k.1| 887 —_ 068 -T2 5.1 L L] 6,173
e | ™ k7.5 |p; 0; 4, 3 feet 10 |e.36| 2.3 | 33.0[50.6] 635 -— 117 bly 5.66 5,43 5, A5
L bl T2 k7.5 o5 3 4, 3 Lot 10 |e.51 3.85 | 35.0/28.9] 1,00@ — 136 3.83 705 6,160 6,543
156 ™ 59.7 {03 =3 4, 10 feat 10 |1.80] 1.87 | w.2013.6] Gk — 072 R 5.97 h,2hl a,su
108 ™ 39,7 o1 8; 4, 10 feet 10 |z.o]| 2.32 | 6.0|22.6] 675 — 082 1.81 3.97 b s 062
o108 &) iﬂ.'r 0; 8 4, 10 feet 10 |2.1] 2.03 | 11.0 8.2 ars —— oM, 2.9 3.97 k61 6,0h
*»199 ™ 3|0y s a, 5 fest 10 |1.8%| 2.11 }13.lila, a2 —_ oM 2.7 3.9T h,g“@ 6,018
**199 v ke 3] 0;0; 8, 3 Teet 10 |6.72} 7.09 | 86.1]33.3| 2,036 . 137 220 15.59 1, 13,929
#199 ™ .5 | 01s5 4, 5 feet 10 |8-z7l B.5h pAnS|E.8] s —— | — 2.07 19-16 087 |e—
#%200 ™ k.51 0:o; 4, B feet 10 |1.99 2.5 |10.6113.1] «as —— | —— 5.31 .57 ,595 —
#4200 ™ R6.5| O;8; 4, 3 Taet 10 [3.65] 5.49 | ¥8.5133.2] exr —_— ] — 3.17 9.%3 ;278 |
#2200 ™ L5.5| opay &, 3 fest ip 13.36| 5.77 | 9T.9|A.6 — | —— 2.68 10.13 7,608 |-
#Cods: o, chevron ssal; d, Tump seperstion; 1, 1ow-band-paas coutrel vmit with locked plunger; b, ariginal treiner smibber

ad equvelent orifice sarca; O, 0" ring sssl.
s Imitial ateut edr pressime of 60 pounds per squere inch.
=2EFa]led Praseurs EREr.
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. i R —— i i Ve B Attachment fibting
laoalammgaﬂ' A PR accelerometers :

Upper cylinder - i . ;
‘ pressure gage TR Yoo ol Piteh setting link

Telescoping slidewire
Telescoplng generator

il
Lower cylinder
accalerometers

Imvar cylinder : |
pre’dgure gage

L N g
Axle accalarometar 'd ‘ j !‘Iﬁ i
- ) 15
‘ Yy '_. ' F % . ‘l

1~-57-5025.1
Figure 1l.- View of landing gear taxiing over bump. Inetrumentation is also shown.
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(a) Band-pass shock strut.

Figure 2.- Views of shock strut and control umit.
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NACA TN L4387

Instrument
cable conduit ; : 1 _
i. : Control piston
i —— displacement
3 i pickup
1 E1
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1 ¥
: ¥ ;
M
Flunger Alinement
displacemsnt vane
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Control
unit cage
(b) Control unit. 1-58-1691

Figure 2.~ Concluded.
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(a) Assembled cross section.

Figure 3.- Views showing

Control cylinder

Orifice plate ——

(b) Subassemblies.

control-unit construction.
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NACA TN 4387

", fluid

(a) Pressure-actusted relief valve.

Spring
Plunger
12]
o
o}
;o
+  Main orifice )

Préssurizéd .

[}
4

Upper (air)
cylinder

Lower
<— (hydraulic)—
cylinder

35

Control piston

| Control
cylinder

(b) Rate-actusted low-pass valve.

Figure 4.- Evolution of low-band-pass valve from relief valve.



3 NACA TN 4387

12 r X 103 Shock strut
Tire pressure, 225 psi
) ps % E
A ol
s 8 P
§ Bump 10" long x 2" high 5
& -
: =
. — _Q
g b -
QL —_—0 — —C
/43// (a) From strut internal pressures.
0 ] i ] | i
12 ~X10°
— (O— Low-pass shock strut
—[]— Fixed-orifice shock strub
-]
~
g8 .0 g
o
5 a7
o O
1:1/)
/4;}9’/}3/ (b) From acceleration measurements.

0 20 Lo 60 80 100
Forward speed, fps

Figure 5.- Comperison of meximum axlal shock-strut force for fixed-
orifice.and low-pass shock struts taxiing over a single bump with
a hard tire. Wing 1ift of 0.88g.
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:]
16 — X 103 /
Tire pressure, 75 psi//

o
12— Bump 10" long x k" high |:|/
:-Q' B
%
S sl d// O—
o_ o2
/D/

B

é{/ (8) From strut internal pressures.
[o} l | | |
12 —x103
J
= DA{D 0/8/0
~ /
6'8 B 0 O/o/
g /O
“ — 0
C;?D — O—Low-pass shock strut
L 5%? —— Oj— Fixed-orifice shock strut
// (b) From acceleration measurements.
] | I }
0 20 Lo 60 80

Forward speed, fps

Figure 6.- Comparison of maximum axial shock-strut force for fixed-
orifice and low-pess shock struts taxiing over a single bump with
& moderately soft tire. Wing 1lift of 0.88g.
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i |
-———— Low-pass shock atrut

je—.01 sec-» — ~—— Fixsd-orifice shock strut

Control-piston )
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Plunger displacezent, in. l_
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|
I
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I
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Figure T.- Time histories for low-pass and fixed-orifice shock struts
during taxiing at 85 feet per second over the 2- by 10-inch bump
with the hard tire. Wing lift of 0.88g.



Tire pressure, 75 psi

—> Ui fps ——— Low-pass shock strut
—— — Flxad-orifiocs shock atrut
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Figure 8.- Time histories for low-pass end fixed-orifice shock struts during taxiing over series
of bumps. Wing 1ift of 0.63g.




38 NACA TN 4387

——— Low-pass shock strut
——— Fixed-orifice shock strut

Tire pressure, 225 psi
5-6 pr ‘@_ 70.9 fps
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Bump 12" long x 2" high
—> < .Oll sec )/
o Vi A /
Control-piston \ ~~ b
displacement, in. 2L -/ ~ \
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st =
Talescoping __/_-:-_—__-’/_’/J_, —t— —~~—{
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0 e
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5 -
s = Ve P \—\
Boom acoeleration, g ~ =l |7 \-)\\
0 ~ s
2,000} AN
F) / /\-\\\
Lower cylinder pressure, pal P N ﬂ \
I e e i b T \

Figure 9.- Time histories for low-pass and fixed-orifice shock struts
during impact on a step-shaped bump. Wing 1lift of 1 g.
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